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HOTELECTRON TRANSISTOR HAVING 
MULTIPLE MSM SEQUENCES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a S371 National Stage Application of 
PCT/US2013/058053, filed Sep. 4, 2013, which claims the 
benefit of priority under 35 U.S.C. S 119(e) to provisional 
U.S. Patent Application No. 61/743,438, filed on Sep. 4, 
2012, the entire contents of which are hereby incorporated 
by reference. 

FIELD OF USE 

The present disclosure relates generally to transistors, and 
specifically to hot electron transistors. 

BACKGROUND 

Metal base hot-electron transistors (HETs) may be used 
for high-speed applications due to the fast electron transport 
speed and low resistive-capacitive (RC) delays across a 
metal base region of the transistor. However, Some metal 
base HETs may exhibit low carrier transmission rate from 
the metal base into the semiconductor collector due to 1) the 
scattering inside the metal base, 2) the quantum reflection of 
carriers at the large potential step at the base-collector 
interface, and 3) the backward Scattering by phonons inside 
the collector, which may cause the current gains of the metal 
base HETs to be less than unity. 

SUMMARY 

The present disclosure describes apparatus and methods 
relating to a hot-electron transistor (HET) having metal 
terminals. The transistor includes sequences of metal, semi 
conductor, and metal, with the semiconductor layers serving 
as barriers. A metal emitter thermionically launches elec 
trons, which travel across a base heterojunction structure 
ballistically to reach a metal collector. The collector current 
is switchable by controlling the base potential to adjust the 
emitter-base junction barrier height. 

In one aspect of the present disclosure, a transistor com 
prises a first metal-semiconductor-metal sequence compris 
ing a metal emitter, a first semiconductor barrier and a metal 
base; wherein the first semiconductor barrier separates the 
metal emitter and the metal base, with the first semiconduc 
tor barrier having an average thickness being based on a first 
mean free path of a charge carrier in the first semiconductor 
barrier emitted from the metal emitter; and a second metal 
semiconductor-metal sequence comprising the metal base, a 
second semiconductor barrier, and a metal collector, wherein 
the first and the second metal-semiconductor-metal 
sequences at least partially overlap with each other to share 
the metal base; wherein the second semiconductor barrier 
separates the metal base from the metal collector, with the 
second semiconductor barrier having an average thickness 
being based on a second mean free path of the charge carrier 
in the second semiconductor barrier injected from the metal 
base; wherein one or more of the first metal-semiconductor 
metal sequence and the second metal-semiconductor-metal 
sequence increases a carrier transmission rate from the metal 
emitter to the metal collector, relative to another carrier 
transmission rate of the metal emitter to another type of 
collector, and wherein the metal base comprises two or more 
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2 
metal layers and an average thickness of the metal base is 
based on a multi-layer mean free path of the charge carrier. 

Implementations of the disclosure can include one or 
more of the following features. The other type of collector 
comprises a semiconductor collector. The first and the 
second metal-semiconductor-metal sequences decrease a 
circuit delay relative to a circuit delay with a semiconductor 
collector and a semiconductor emitter. A current gain of the 
transistor is higher than unity. The second metal-semicon 
ductor-metal sequence decreases an amount of backward 
scattering of the charge carrier between the metal base and 
the metal collector, relative to an amount of backward 
scattering of the second charge carrier between another 
metal base and the other type of collector. Each of the metal 
emitter, the metal base, and the metal collector comprises 
one or more of silver (Ag), aluminum (Al), gold (Au), cobalt 
(Co), chromium (Cr), copper (Cu), gadolinium (Gd), half 
nium (Hf), indium (In), iridium (Ir), magnesium (Mg), 
manganese (Mn), molybdenum (Mo), nickel (Ni), lead (Pb), 
palladium (Pd), platinum (Pt), rhodium (Rh), tantalum (Ta), 
titanium (Ti), tungsten (W), and Zinc (Zn). The metal base 
comprises at least two metal layers. The metal base com 
prises a first layer, a second layer and a third layer between 
the first layer and the second layer, wherein the third layer 
includes a material that has a carrier mean free path with an 
increased length, relative to lengths of carrier mean free 
paths of other materials, wherein the material decreases 
series resistance of the metal base relative to other series 
resistances of other metal bases, and wherein the third layer 
promotes resistance to oxidation and promotes bonding 
between the first and the second metal layers. The average 
thickness of the metal base is one or more of (i) less than the 
multi-layer mean free path of the charge carrier in transiting 
the layers of the metal base, and (ii) comparable to the 
multi-layer mean free path of the charge carrier in transiting 
the layers of the metal base. The average thickness of the 
metal base is in a range from about 2 nm to 50 nm. The 
average thickness of the first semiconductor barrier is less 
than four times the first mean free path of the charge carrier 
in the first semiconductor barrier emitted from the metal 
emitter. The average thickness of the second semiconductor 
barrier is less than four times the second mean free path of 
the charge carrier in the second semiconductor barrier 
injected from the metal base. The average thickness of at 
least one of the first semiconductor barrier and the second 
semiconductor barrier is in a range from about 5 nm to 200 
nm. A barrier height of the first semiconductor barrier is 
greater than a barrier height of the second semiconductor 
barrier. Each of the first semiconductor barrier and the 
second semiconductor barrier comprises one or more of a 
crystalline semiconductor and a polycrystalline semiconduc 
tor. Each of the first semiconductor barrier and the second 
semiconductor barrier comprises one or more of silicon (Si), 
germanium (Ge), silicon germanium (SiGe), aluminum anti 
monide (AlSb), gallium antimonide (GaSb), gallium 
arsenide (GaAs), indium antimonide (InSb), indium 
arsenide (InAs), indium gallium arsenide (InGaAs), gallium 
nitride (GaN), indium phosphide (InP), cadmium selenide 
(CdSe), cadmium telluride (CdTe), cadmium sulfide (CdS), 
Zinc selenide (ZnSe), Zinc telluride (ZnTe), Zinc sulfide 
(ZnS), Zinc oxide (ZnO), titanium oxide (TiO2), lead sulfide 
(PbS), and lead telluride (PbTe). An average transit delay 
through the first semiconductor barrier is less than 20 
femtoseconds. An average transit delay through the second 
semiconductor barrier is less than 20 femtoseconds. An 
average resistance-capacitance (RC) delay in the metal base 
is less than 20 femtoseconds. An average transit delay 
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through the metal base is less than 20 femtoseconds. The 
transistor has a total delay of less than 80 femtoseconds. The 
transistor has a cut-off frequency exceeding 2 THZ. 

In another aspect of the present disclosure, a method for 
fabricating a transistor includes depositing a first metal layer 
and a second metal layer on a first semiconductor-on 
insulator (SOI) wafer to yield a first layered SOI wafer; 
depositing a third metal layer and a fourth metal layer on a 
second SOI wafer to yield a second layered SOI wafer; 
bonding the first layered SOI wafer to the second layered 
SOI wafer; removing a portion of the first layered SOI wafer, 
leaving a first semiconductor layer, depositing a fifth metal 
layer on a portion of the first semiconductor layer to form a 
metal collector, removing an exposed portion of the first 
semiconductor layer to form a first semiconductor barrier 
under the metal collector, the first semiconductor barrier 
having an average thickness based on a first mean free path 
of a charge carrier in the first semiconductor barrier, pat 
terning the first, the second, the third, and the fourth metal 
layers using a first negative resist, leaving portions of the 
first, the second, the third, and the fourth metal layers under 
the first semiconductor barrier and under the first negative 
resist, removing the first negative resist; removing a portion 
of the second SOI wafer, leaving a second semiconductor 
layer, depositing a sixth metal layer on a portion of the 
second semiconductor layer to form a metal emitter, remov 
ing an exposed portion of the second semiconductor layer to 
form a second semiconductor barrier under the metal emit 
ter, the second semiconductor barrier having an average 
thickness being based on a second mean free path of the 
charge carrier in the second semiconductor barrier emitted 
from the metal emitter; patterning the first, the second, the 
third, and the fourth metal layers using a second negative 
resist, leaving portions of the first, the second, the third, and 
the fourth metal layers under the second semiconductor 
barrier and under the second negative resist to form a metal 
base, the metal base having an average thickness being 
based on a multi-layer mean free path of the charge carrier; 
and removing the second negative resist. 

Implementations of the disclosure can include one or 
more of the following features. Each of the first metal layer, 
the second metal layer, the third metal layer, the fourth metal 
layer, the fifth metal layer, and the sixth metal layer com 
prises one or more of silver (Ag), aluminum (Al), gold (Au), 
cobalt (Co), chromium (Cr), copper (Cu), gadolinium (Gd), 
hafnium (Hf), indium (In), iridium (Ir), magnesium (Mg), 
manganese (Mn), molybdenum (Mo), nickel (Ni), lead (Pb), 
palladium (Pd), platinum (Pt), rhodium (Rh), tantalum (Ta), 
titanium (Ti), tungsten (W), and zinc (Zn). Each of the first 
semiconductor layer and the second semiconductor layer 
comprises one or more of silicon (Si), germanium (Ge), 
silicon germanium (SiGe), aluminum antimonide (AISb). 
gallium antimonide (GaSb), gallium arsenide (GaAs), 
indium antimonide (InSb), indium arsenide (InAs), indium 
gallium arsenide (InGaAs), gallium nitride (GaN), indium 
phosphide (InP), cadmium selenide (CdSe), cadmium tellu 
ride (CdTe), cadmium sulfide (CdS), Zinc selenide (ZnSe), 
Zinc telluride (ZnTe), zinc sulfide (ZnS), Zinc oxide (ZnO), 
titanium oxide (TiO2), lead sulfide (PbS), and lead telluride 
(PbTe). The average thickness of the first semiconductor 
barrier is less than four times the first mean free path of the 
charge carrier in the first semiconductor barrier. The average 
thickness of the second semiconductor barrier is less than 
four times the second mean free path of the charge carrier in 
the second semiconductor barrier. A barrier height of the first 
semiconductor barrier is less than a barrier height of the 
second semiconductor barrier. The second metal layer and 
the fourth metal layer includes a material that has a carrier 
mean free path with an increased length, relative to lengths 
of carrier mean free paths of other materials, wherein the 
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4 
material decreases series resistance of the metal base relative 
to other series resistances of other metal bases, and wherein 
the material promotes resistance to oxidation and promotes 
bonding between the first layered SOI wafer and the second 
layered SOI wafer. The average thickness of the metal base 
is one or more of (i) less than the multi-layer mean free path 
of the charge carrier in transiting the layers of the metal base 
of the metal base, and (ii) comparable to the multi-layer 
mean free path of the charge carrier in transiting the layers 
of the metal base. Bonding the first layered SOI wafer to the 
second layered SOI wafer comprises: diffusive bonding of 
the second metal material included in the first bi-metal layer 
and the second bi-metal layer at an average temperature of 
about 200 degrees Celsius under pressure. The method 
includes after removing the first negative resist, depositing 
a monomer onto the metal collector and an exposed portion 
of the second SOI wafer; depositing a fifth metal layer on a 
carrier wafer to form a ground plane; bonding the deposited 
monomer to the deposited fifth metal layer, and converting 
the monomer to a polymer. 

In yet another aspect of the present disclosure, a terahertz 
transistor comprises a first metal-semiconductor-metal 
sequence comprising a metal emitter, a first semiconductor 
barrier and a metal base; wherein the metal emitter com 
prises a gadolinium layer with an average thickness of about 
5 nm and a gold layer with an average thickness of about 100 
nm, wherein the metal base comprises a cobalt layer with an 
average thickness of about 2 nm, a gold layer with an 
average thickness of about 4 nm, and a palladium layer with 
an average thickness of about 2 nm, wherein the gold layer 
is between the cobalt layer and the palladium layer, the gold 
layer has a carrier mean free path with an increased length, 
relative to other lengths of other carrier mean free paths of 
other materials, and the gold layer decreases series resis 
tance of the metal base relative to other series resistances of 
other metal bases; wherein the first semiconductor barrier 
separates the metal emitter and the metal base, with the first 
semiconductor barrier comprising silicon with an average 
thickness of about 20 nm, and a second metal-semiconduc 
tor-metal sequence comprising the metal base, a second 
semiconductor barrier, and a metal collector, wherein the 
metal collector comprises a cobalt layer with an average 
thickness of about 5 nm and a gold layer with an average 
thickness of about 100 nm, wherein the second semicon 
ductor barrier separates the base and the metal collector, 
with the second semiconductor barrier comprising silicon 
with an average thickness of about 20 nm, wherein one or 
more of the first metal-semiconductor-metal sequence and 
the second metal-semiconductor-metal sequence increases a 
carrier transmission rate from the metal base into the metal 
collector, relative to another carrier transmission rate of the 
metal base into another type of collector; and wherein the 
increase in the carrier transmission rate facilitates higher 
than unity current gain, and the terahertz transistor to operate 
at a terahertz frequency. 
The details of one or more implementations are set forth 

in the accompanying drawings and the description below. 
Other features, objects, and advantages will be apparent 
from the description, the drawings, and the claims. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 shows an example of a transistor. 
FIG. 2 shows a schematic of an equivalent circuit of the 

transistor of FIG. 1. 
FIG. 3 shows an energy band diagram of the transistor of 

FIG 1. 
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FIG. 4 is a flowchart of a process for fabricating a 
transistor. 

FIGS. 5-8 shows side views of a transistor during different 
stages (a)-(p) of fabrication using the process of FIG. 4. 

FIG. 9 shows side views of a transistor during different 
stages (a)-(c) of fabrication according to another implemen 
tation. 

FIGS. 10 and 11 show side views of a transistor during 
different stages (a)-(f) of fabrication according to another 
implementation. 

DETAILED DESCRIPTION 

FIG. 1 shows an example of a transistor 100. The tran 
sistor 100 may be an all-metal terminal hot-electron tran 
sistor (AMTHET). The transistor 100 may include 
sequences of metal, semiconductor, and metal, with a metal 
emitter 102, a semiconductor barrier 108, a metal base 104, 
a semiconductor barrier 110, and a metal collector 106. 
The metal base 104 may include two or more metal layers, 

e.g., layers 112 and 114. In some implementations, the metal 
base 104 includes a third metal layer (not shown) between 
metal layers 112 and 114. The third metal layer may include 
a material that decreases series resistance of the metal base 
relative to other series resistances of other metal bases. The 
third metal layer may promote resistance to oxidation and 
may promote bonding between the metal layers 112 and 114. 
The metal base 104 may have an aggregate thickness 

D, that is less than or comparable to the multi-layer mean 
free path of a charge carrier (e.g., electrons or holes) 
transiting the layers of the metal base 104. The multi-layer 
mean free path of the charge carrier is defined as the length 
through which the average number of the carrier can transit 
is reduced to 1/e (where, e-2.718) of the number of carrier 
initially injected into the multi-layer metal base 104 from the 
metal emitter 102. The metal base 104 may include a 
material that has a carrier mean free path with an increased 
length, relative to lengths of carrier mean free paths of other 
materials. For example, the metal base 104 may have an 
average aggregate thickness D, in a range from about 2 
nm to 50 nm, such as a thickness of 20 nm. 
The metal materials of the metal emitter 102, the metal 

base 104, and the metal collector 106 may include silver 
(Ag), aluminum (Al), gold (Au), cobalt (Co), chromium 
(Cr), copper (Cu), gadolinium (Gd), hafnium (Hf), indium 
(In), iridium (Ir), magnesium (Mg), manganese (Mn), 
molybdenum (Mo), nickel (Ni), lead (Pb), palladium (Pd), 
platinum (Pt), rhodium (Rh), tantalum (Ta), titanium (Ti), 
tungsten (W), or zinc (Zn). Other suitable materials different 
than those listed above may be used. 

The metal emitter 102 and the metal base 104 may be 
separated by the semiconductor barrier 108. The metal base 
104 and the metal collector 106 may be separated by the 
semiconductor barrier 110. The semiconductor barriers 108 
and 110 may each have a corresponding thickness D, and 
D, that is based on, e.g., close, comparable to, or less than 
four times, the corresponding mean free path of the charge 
carrier in the semiconductor barrier. For example, the semi 
conductor barriers 108 and 110 may each have a correspond 
ing average thickness D, and D, in a range from about 5 
nm to 200 nm, such as 10 nm. 
The semiconductor barriers 108 and 110 may each include 

a very thin film of a crystalline semiconductor, such as a 
single-crystal crystalline semiconductor or a polycrystalline 
semiconductor. For example, the semiconductor barriers 108 
and 110 may each include silicon (Si), germanium (Ge), 
silicon germanium (SiGe), aluminum antimonide (AISb). 
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6 
gallium antimonide (GaSb), gallium arsenide (GaAs), 
indium antimonide (InSb), indium arsenide (InAs), indium 
gallium arsenide (InGaAs), indium phosphide (InP), cad 
mium selenide (CdSe), cadmium telluride (CdTe), lead 
sulfide (PbS), or lead telluride (PbTe). Other suitable mate 
rials different than those listed above may be used. 

FIG. 2 shows a schematic of an equivalent circuit 200 of 
the transistor 100 of FIG. 1. The metal emitter 102 is 
equivalent to a resistor Rs. The semiconductor barrier 108 
is equivalent to a resistor R, and a capacitor C, in parallel. 
The metal base 104 is equivalent to a resistor Rs. The 
semiconductor barrier 110 is equivalent to a resistor R- and 
a capacitor C, in parallel. The metal collector 106 is 
equivalent to a resistor R. The circuit delay of the tran 
sistor 100 is decreased relative to a circuit delay of a 
transistor with a semiconductor collector and a semiconduc 
tor emitter. 

FIG.3 shows an energy band diagram 300 of the transistor 
100 of FIG. 1. The semiconductor barrier 108 may have a 
barrier height of ep. The semiconductor barrier 110 may 
have a barrier height of ep. The barrier height of the 
semiconductor barrier 108 may be greater than the barrier 
height of the semiconductor barrier 110. The collector 
current may be switchable by the barrier height ep, of the 
emitter-base semiconductor barrier 108, which is controlled 
by the base potential 304. The base potential 304 may be, for 
example, in a range from 2 eV to 3 eV. 
The use of a metal-semiconductor-metal heterostructure 

as the base-collector junction may increase the carrier injec 
tion rate towards the collector, and may thereby provide high 
current gains. For example, a current gain (B) of higher than 
unity gain, e.g., a gain of factor higher than 10, may be 
obtained for the transistor 100. For an emitter current of 100 
LA, the emitter-base junction of the transistor 100 may 
exhibit a current-voltage characteristic of up to 140 LA at 
about 1.2 V, and the collector-base junction of the transistor 
100 may exhibit a current-voltage characteristic of up to 200 
LA at about 0.3 V. 
For electron transport in the AMTHET transistor 100, an 

electron is launched thermionically by the metal emitter 102 
above the emitter-base semiconductor barrier 109. The elec 
tron travels across the metal-semiconductor-metal hetero 
junctions of the metal emitter 102, the semiconductor barrier 
109, and the metal base 104 ballistically (with certain 
chances to be collected by the metal base 104) and reaches 
the metal collector 106. Electron transport from the emitter 
to the collector is associated with transit times t t and t. 
through the emitter-base semiconductor barrier 108, the 
metal base 104, and the base-collector semiconductor barrier 
110, respectively. 
The speed of the transistor 100 may be estimated by 

evaluating two delays, the resistive-capacitive (RC) delay 
and the electron transit delay. The use of metal electrodes in 
the transistor 100 may result in an extremely low RC delay. 
The thin semiconductor barriers and thin metal base may 
result in a very short transit time for hot-electron transport. 

In calculating the RC delay, the metal emitter 102 and the 
metal collector 106 may have corresponding series resis 
tances R. and Rs that are very Small and negligible as 
compared to the resistance Rs of the metal base 104. The 
metal base 104 may have a sheet resistance p in a range 
from 30.2/O to 1002/0, with a square size of W=50 nm. In 
the calculation below, a sheet resistance of p. 50C2/O is 
used. 

Because the semiconductor barriers 108 and 110 may be 
undoped and depleted, the capacitance can be estimated with 
a parallel plate capacitor separated by a material with a 
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dielectric constant, 6. The capacitance of the transistor 100 
can be calculated from the following equations. 

eW2 
Deh 

C-1, = eW2 
ch - D, 
11.9 x 8.85 x 10-12 x (50 x 109) 

C = Cl, + C = 2 x t-ci 10x10-9 = 0.053fF 

The RC delay of the transistor 100 may be less than 20 
femtoseconds and can be calculated from the following 
equation. 

The total transit delay is the sum of carrier transit times 
t, t, and t through the emitter-base semiconductor barrier 
108, the metal base 104, and the base-collector semicon 
ductor barrier 110, respectively. The total transit delay may 
be less than 20 femtoseconds. In the calculations below, an 
electron effective mass of m=0.26 mo, and a barrier height 
difference of Aqb=-0.5V (under certain DC operation volt 
age) are used. When a moderate AC signal AV-0.1 V is 
applied by an antenna, the carrier transit delay t, through 
the emitter-base semiconductor barrier 108 may be less than 
20 femtoseconds and may be estimated using the following 
equations. 

D., im"AV 10x10° 0.26x0.91 x 10-30 x 0.1 5.4f. 4 S 
Ad 2e 0.5 2 x 1.6 x 1019 

Since the thickness D, of the semiconductor barrier 108 
is less than four times the carrier mean free path (e.g., 35 nm 
for electrons in lightly doped silicon), the carriers may not 
reach thermal equilibrium in the semiconductor barrier 108. 
The majority of the carriers launched from the metal emitter 
102 may transport as hot carriers and travel ballistically 
across the semiconductor barrier 108 even with velocity 
overshoot. 

Carriers are injected into the metal base 104 above the 
Fermi level of the metal base 104. The total kinetic energy 
can range from 2 eV to 7 eV depending on the metal and 
specific energy band the electron will occupy. In the calcu 
lation below, a kinetic energy of E 3.5 eV, a base thickness 
of D 5 nm, and electron effective mass m mo is used. 
The carrier transit delay t, through the metal base 104 may 
be less than 20 femtoseconds and can be calculated using the 
following equation. 

Dbase 5X109 
ibase = -– = 4.5 fs 

2E. 2X3.5 x 1.6 x 1019 
n 0.91 x 1030 

As shown by the above equation, the transit delay t, 
associated with carrier travel through the metal base 104 can 
be minimized to less than 10 fs. 
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The time required for an electron to travel across the 

semiconductor barrier 110 between the metal base 104 and 
the metal collector 106 poses another delay. The transit 
delay t, is defined as the time for an electron to travel the 
entire thickness D, of the semiconductor barrier 110. Since 
the electron is rather energetic, t can be estimated with a 
reasonably high V, (e.g., ~2V). The carrier transit delay t 
through the base-collector semiconductor barrier 110 may be 
less than 20 femtoseconds and can be estimated using the 
following equation. 

Dch 10 x 109 
ibase = -— = 6.1 fs 

2eVict, 2x 1.6 x 10-19x2 
n 0.26 x 0.91 x 1030 

For transistors having semiconductor barriers 108 and 110 
of silicon (that has a relatively high effective mass of 
m*=0.26 m), the total delay t may be less than 80 
femtoseconds and can be estimated as t-tre+t,+tre+ 
t=2.7+5.4+4.5+6.1=18.7 fs. The cut-off frequency may be 
greater than 2 THZ and can be calculated as 

f = 8.5 THz. 
2 total 

Further decreases in the transit delay can be obtained by 
using low effective mass materials, such as gallium arsenide 
(GaAs) and indium gallium arsenide (InGaAs), for the 
semiconductor barriers 108 and 110. A transistor with GaAs 
as the semiconductor barriers may potentially have a cut-off 
frequency of 11.4 THz. 

FIG. 4 is a flowchart of a process 400 for fabricating a 
transistor. Briefly, the process 400 includes depositing a first 
metal layer and a second metal layer on a first semiconduc 
tor-on-insulator (SOI) wafer to yield a first layered SOI 
wafer (402); depositing a third metal layer and a fourth metal 
layer on a second SOI wafer to yield a second layered SOI 
wafer (404); bonding the first layered SOI wafer to the 
second layered SOI wafer (406); removing a portion of the 
first layered SOI wafer, leaving a first semiconductor layer 
(408); depositing a fifth metal layer on a portion of the first 
semiconductor layer to form a metal collector (410); remov 
ing an exposed portion of the first semiconductor layer to 
form a first semiconductor barrier under the metal collector 
(412); patterning the first, the second, the third, and the 
fourth metal layers using a first negative resist, leaving 
portions of the first, the second, the third, and the fourth 
metal layers under the first semiconductor barrier and under 
the first negative resist (414); removing the first negative 
resist (416); removing a portion of the second SOI wafer, 
leaving a second semiconductor layer (418); depositing a 
sixth metal layer on a portion of the second semiconductor 
layer to form a metal emitter (420); removing an exposed 
portion of the second semiconductor layer to form a second 
semiconductor barrier under the metal emitter (422); pat 
terning the first, the second, the third, and the fourth metal 
layers using a second negative resist, leaving portions of the 
first, the second, the third, and the fourth metal layers under 
the second semiconductor barrier and under the second 
negative resist to form a metal base (424); and removing the 
second negative resist (426). 

FIGS. 5-8 shows side views of a transistor during different 
stages (a)-(p) of fabrication using the process 400 of FIG. 4. 
The transistor can be fabricated on a wafer scale. 
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In stage (a), a layered wafer 500 and a layered wafer 600 
are provided. The layered wafer 500 may be, for example, a 
standard silicon-on-insulator (SOI) wafer that includes a 
silicon layer 501, an insulator (e.g., SiO) layer 502, and 
bulk silicon substrate 503. The silicon layer 501 may have 
an average thickness of 20 nm. Similarly, the layered wafer 
600 may be, for example, a standard silicon-on-insulator 
(SOI) wafer that includes a silicon layer 601, an insulator 
(e.g., SiO) layer 602, and a bulk silicon substrate 603. The 
silicon layer 601 may have an average thickness of 20 nm. 

In stage (b), metal layers 504 and 505 are deposited on the 
silicon layer 501 of the SOI wafer 500. The material of metal 
layer 504 may be, for example, cobalt. The material of metal 
layer 505 may be, for example, gold. Each of the metal 
layers 504 and 505 may have an average thickness of 2 nm. 
The metal layers 504 and 505 may be deposited by a 
physical vapor deposition technique such as sputtering. 

Similarly, metal layers 604 and 605 are deposited on the 
silicon layer 601 of the SOI wafer 600. The material of metal 
layer 604 may be, for example, palladium. The material of 
metal layer 605 may be the same material as the material of 
metal layer 505, e.g., gold. Each of the metal layers 604 and 
605 may have an average thickness of 2 nm. The metal 
layers 604 and 605 may be deposited by a physical vapor 
deposition technique Such as sputtering. 

In stage (c), the layered wafer 500 and the layered wafer 
600 are bonded together using a flip-bond technique. The 
layered wafer 500 and the layered wafer 600 may be bonded 
together by, for example, diffusive bonding of the metal 
layers 505 and 605 to form a combined metal layer 700. The 
diffusive bonding of the metal layers 505 and 605 may be 
performed at 200 degrees Celsius under pressure. 

The materials of the metal layers 505 and 605 may be the 
same material to facilitate bonding of the layered wafers 500 
and 600. The materials of the metal layers 505 and 605 may 
promote resistance to oxidation. For example, the materials 
of the metal layers 505 and 605 may be a gold material, 
which has a relatively long electron mean free path. The gold 
material may decrease the series (lateral) resistance of the 
metal base of the transistor and may thereby improve 
performance of the transistor. 

In stage (d), the insulator layer 502 and the bulk silicon 
substrate 503 of the layered wafer 500 are removed, leaving 
the silicon layer 501. The bulk silicon substrate 503 may be 
removed by polishing the bulk silicon substrate 503 to 
remove a majority of the bulk silicon substrate 503. The bulk 
silicon substrate 503 remaining after the polishing may be 
removed by selective etching of the remaining bulk silicon 
substrate 503 using, for example, xenon difluoride (XeF). 
The insulator layer 502 may be removed by selective 
etching, e.g., buffered oxide etch, of the insulator layer 502 
using, for example, hydrofluoric acid (HF). 

In stage (e), a metal layer 506 is deposited on the silicon 
layer 501 to form a metal collector. The metal layer 506 may 
be deposited using electron beam evaporation followed by 
lift-off. The metal layer 506 may include a layer of cobalt 
with an average thickness of 5 nm and a layer of gold with 
an average thickness of 100 nm. 

In stage (f), an exposed portion of the silicon layer 501 is 
removed to form a semiconductor barrier under the metal 
collector 506. The exposed portion of the silicon layer 501 
may be removed using reactive ion etching. 

In stage (g), a negative resist 507 is formed on a portion 
of the metal collector 506 in the shape of a metal base. The 
negative resist 507 may be formed using aligned electron 
beam lithography. In stage (h), the metal layers 504, 604, 
and 700 are patterned using the negative resist 507. The 
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10 
metal layers 504, 604, and 700 may be patterned using 
selective wet chemical etch to remove exposed portions of 
the metal layers 504, 604, and 700. In stage (i), the negative 
resist 507 is removed. 

In stage (), a monomer 508. Such as a bisbenzocy 
clobutene-based (BCB) monomer, is deposited on the metal 
collector 506 and the exposed portion of silicon layer 601. 
The monomer 508 may be deposited by spin-coating the 
monomer 508 on the metal collector 506 and the exposed 
portion of the silicon layer 601. The monomer 508 may have 
an average thickness of 8 um as measured from the silicon 
layer 601 to the surface of the monomer 508. Also in stage 
(), a carrier wafer 701, e.g., a Sapphire wafer, with a ground 
plane 702, e.g., a gold ground plane, deposited on the carrier 
wafer 701 is provided. 

In stage (k), the intermediate device structure of stage () 
is flip-bonded to the carrier wafer 701 by bonding the 
monomer 508 to the ground plane 702. The monomer 708 is 
polymerized at approximately 200 degrees Celsius. 

In stage (1), the insulator layer 602 and the bulk silicon 
substrate 603 of the layered wafer 600 are removed, leaving 
the silicon layer 601. The bulk silicon substrate 603 may be 
removed by polishing the bulk silicon substrate 603 to 
remove a majority of the bulk silicon substrate 603. The bulk 
silicon substrate 603 remaining after the polishing may be 
removed by selective etching of the remaining bulk silicon 
substrate 603 using, for example, xenon difluoride (XeF). 
The insulator layer 602 may be removed by selective 
etching, e.g., buffered oxide etch, of the insulator layer 602 
using, for example, hydrofluoric acid (HF). 

In stage (m), a metal layer 606 is deposited on the silicon 
layer 601 to form a metal emitter. The metal layer 606 may 
be deposited using aligned electron beam evaporation fol 
lowed by lift-off. The metal layer 606 may include a layer of 
gadolinium with an average thickness of 5 nm and a layer of 
gold with an average thickness of 100 nm. 

In stage (n), an exposed portion of the silicon layer 601 is 
removed to form a semiconductor barrier under the metal 
emitter 606. The exposed portion of the silicon layer 601 
may be removed using reactive ion etching. 

In stage (o), a negative resist 607 is formed on a portion 
of the metal emitter 606 in the shape of the metal base. The 
negative resist 607 may be formed using aligned electron 
beam lithography. In stage (p), the metal layers 504, 604, 
and 700 are patterned using the negative resist 607 to form 
the metal base. The metal layers 504, 604, and 700 may be 
patterned using selective wet chemical etch to remove 
exposed portions of the metal layers 504, 604, and 700. In 
stage (p), the negative resist 607 is removed to form a 
transistor similar to the transistor 100 shown in FIG. 1. 

In an alternative implementation for fabricating a transis 
tor, stages (a)-(c) of FIG. 5 may be replaced with stages 
(a)-(c) of FIG. 9, followed by stages (d)-(p) of FIGS. 6-8. In 
stage (a), a layered wafer 500 and a layered wafer 600 are 
provided. The layered wafer 500 may be, for example, a 
standard silicon-on-insulator (SOI) wafer that includes a 
silicon layer 501, an insulator (e.g., SiO) layer 502, and 
bulk silicon substrate 503. The silicon layer 501 may have 
an average thickness of 20 nm. Similarly, the layered wafer 
600 may be, for example, a standard silicon-on-insulator 
(SOI) wafer that includes a silicon layer 601, an insulator 
(e.g., SiO) layer 602, and a bulk silicon substrate 603. The 
silicon layer 601 may have an average thickness of 20 nm. 

In stage (b), metal layers 604 and 605 are deposited on the 
silicon layer 601 of the SOI wafer 600. The materials of the 
metal layers 604 and 605 may be inert metals such as 
platinum, iridium, and palladium. Each of the metal layers 
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604 and 605 may have an average thickness of 2 nm. The 
metal layers 604 and 605 may be deposited by a physical 
vapor deposition technique Such as Sputtering. 

In stage (c), the layered wafer 500 and the layered wafer 
600 are bonded together using a flip-bond technique. The 
layered wafer 500 and the layered wafer 600 may be bonded 
together via metal silicide formation under a moderately low 
temperature (e.g., 200 degrees to 300 degrees Celsius). The 
metal layer 605 and the silicon layer 501 may be treated by, 
for example, removing organic compounds and Surface 
oxides using oxygen plasma, OZone cleaning, or a combi 
nation, followed by HF/NHF dipping. 

FIGS. 10 and 11 show side views of a transistor during 
different stages (a)-(f) of fabrication according to another 
implementation. In stage (a), a layered wafer 800, e.g., a 
standard silicon-on-insulator (SOI) wafer that includes a 
silicon layer 801, an insulator (e.g., SiO) layer 802, and a 
bulk silicon substrate 803 is provided. The silicon layer 801 
may have a desired thickness, doping profile, and crystal 
orientation. 
The SOI wafer 800 is loaded into a metal deposition (e.g., 

electron beam evaporation or sputter) chamber. When a base 
pressure of the chamber is Sufficiently low (e.g., less than 
2x10-6 Torr), a metal 804, such as platinum (Pt), is depos 
ited in stage (b). The Pt layer 804 has a thickness that is 
Sufficiently large (e.g., 15 nm) to form excellent contact with 
the Silayer 801. An aluminum (Al) layer (not shown) having 
a thickness that is sufficient for external connection or 
measurement contact (e.g., 100 nm) may be deposited on the 
Pt layer 804 at an appropriate rate (e.g., approximately 0.1 
nm/sec) to ensure excellent metal film quality. Other metal 
materials different than Pt and Al may be used. 

Following deposition of the metal layer 804, the SOI 
wafer 800 is flipped and bonded onto a carrier wafer 805 
using an adhesive 806 in stage (c). The metal layer 804 is 
positioned between the Silayer 801 and the carrier wafer 
805. The adhesive 806 may be an insulating adhesive or a 
conducting adhesive. For example, a conducting adhesive 
may be used for bonding the SOI wafer 800 to the carrier 
wafer 805 when the surface-doped SOI wafer 800 is not 
patterned, e.g., when Pt and Al are directly deposited onto 
the surface-doped SOI wafer 800 as a uniform metal film 
without patterning. 

In stage (d), the bulk silicon substrate 803 of the SOI 
wafer 800 is thinned down (e.g., by grinding or polishing 
using Sandpaper) and completely removed by selective Si 
etching (e.g., using Xenon difluoride (XeF) etch) to expose 
the SiO, layer 802. At stage (e), the SiO, layer 802 is 
selectively etched away (e.g., by dipping in BOE). The 
remaining structure 807 is the thin device silicon layer 801 
with the doped side and the previously deposited metal 
contact and electrode 804 bonded to the carrier wafer 805 by 
the adhesive 806. 

The structure 807 is loaded into a metal deposition (e.g., 
electron beam evaporation or sputter) chamber. When the 
base pressure of the chamber is Sufficiently low (e.g., less 
than 2x10, Torr), a metal, e.g., cobalt (Co), layer 808 is 
deposited to form a collector-base diode 809 in stage (f). The 
Co layer 808 has a thickness that is sufficiently large (e.g., 
15 nm) to form excellent contact with the Silayer 801. An 
aluminum (Al) layer (not shown) having a thickness that is 
Sufficient for external connection or measurement contact 
(e.g., 100 nm) may be deposited on the Co layer 808 at an 
appropriate rate (e.g., approximately 0.1 nm/sec) to ensure 
excellent metal film quality. Other metal materials different 
than Co and Al may be used. 
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In stage (g), a layered wafer 813 is provided. The layered 

wafer 813 may be, for example, a standard silicon-on 
insulator (SOI) wafer that includes a silicon layer 811, an 
insulator (e.g., SiO) layer 812, and bulk silicon substrate 
813. The silicon layer 811 may have an average thickness of 
20 nm. 

In stage (h), the layered wafer 813 is flip-chip bonded to 
the collector-base diode 809, followed by a thermal treat 
ment at 200 degrees to 300 degrees Celsius to promote metal 
silicide formation between the metal layer 806 and the 
silicon layer 811. 

In stage (i), the insulator layer 812 and the bulk silicon 
substrate 813 of the layered wafer 810 are removed, leaving 
the silicon layer 811. The bulk silicon substrate 813 may be 
removed by polishing the bulk silicon substrate 813 to 
remove a majority of the bulk silicon substrate 813. The bulk 
silicon substrate 813 remaining after the polishing may be 
removed by selective etching of the remaining bulk silicon 
substrate 813 using, for example, xenon difluoride (XeF). 
The insulator layer 812 may be removed by selective 
etching, e.g., buffered oxide etch, of the insulator layer 812 
using, for example, hydrofluoric acid (HF). 

In stage (), a metal layer 814 is deposited on the silicon 
layer 811 to form a metal emitter. The metal layer 814 may 
be deposited using electron beam evaporation followed by 
lift-off. The metal layer 814 may include a layer of cobalt 
with an average thickness of 5 nm and a layer of gold with 
an average thickness of 100 nm. 

In stage (k), an exposed portion of the silicon layer 811 is 
removed to form a semiconductor barrier under the metal 
emitter 814. The exposed portion of the silicon layer 811 
may be removed using reactive ion etching. The metal layer 
808 may be patterned using a negative resist to form a metal 
base. The metal layer 808 may be patterned using selective 
wet chemical etch to remove exposed portions of the metal 
layer 808. The transistor fabricated according to this imple 
mentation may be similar to the transistor 100 shown in FIG. 
1. 
A number of implementations have been described. Nev 

ertheless, various modifications can be made without depart 
ing from the spirit and scope of the processes and techniques 
described herein. In addition, the processes depicted in the 
figures do not require the particular order shown, or sequen 
tial order, to achieve desirable results. In addition, other 
steps can be provided, or steps can be eliminated, from the 
described processes, and other components can be added to, 
or removed from, the describe apparatus and systems. 
Accordingly, other embodiments are within the scope of the 
following claims. 

What is claimed is: 
1. A transistor, comprising: 
a first metal-semiconductor-metal sequence comprising a 

metal emitter, a first semiconductor barrier and a metal 
base; 

wherein the first semiconductor barrier separates the 
metal emitter and the metal base, with the first semi 
conductor barrier having an average thickness being 
based on a first mean free path of a charge carrier in the 
first semiconductor barrier emitted from the metal 
emitter; and 

a second metal-semiconductor-metal sequence compris 
ing the metal base, a second semiconductor barrier, and 
a metal collector, 

wherein the first and the second metal-semiconductor 
metal sequences at least partially overlap with each 
other to share the metal base; 
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wherein the second semiconductor barrier separates the 
metal base from the metal collector, with the second 
semiconductor barrier having an average thickness 
being based on a second mean free path of the charge 
carrier in the second semiconductor barrier injected 
from the metal base; 

wherein one or more of the first metal-semiconductor 
metal sequence and the second metal-semiconductor 
metal sequence increases a carrier transmission rate 
from the metal emitter to the metal collector, relative to 
another carrier transmission rate of the metal emitter to 
another type of collector; 

wherein the metal base comprises two or more metal 
layers and an average thickness of the metal base is 
based on a multi-layer mean free path of the charge 
carrier; and 

wherein the average thickness of the metal base is one or 
more of (i) less than the multi-layer mean free path of 
the charge carrier in transiting the layers of the metal 
base, and (ii) comparable to the multi-layer mean free 
path of the charge carrier in transiting the layers of the 
metal base. 

2. The transistor of claim 1, wherein the other type of 
collector comprises a semiconductor collector. 

3. The transistor of claim 1, wherein the first and the 
second metal-semiconductor-metal sequences decrease a 
circuit delay relative to a circuit delay with a semiconductor 
collector and a semiconductor emitter. 

4. The transistor of claim 1, wherein a current gain of the 
transistor is higher than unity. 

5. The transistor of claim 1, wherein the second metal 
semiconductor-metal sequence decreases an amount of 
backward Scattering of the charge carrier between the metal 
base and the metal collector, relative to an amount of 
backward Scattering of the second charge carrier between 
another metal base and the other type of collector. 

6. The transistor of claim 1, wherein each of the metal 
emitter, the metal base, and the metal collector comprises 
one or more of silver (Ag), aluminum (Al), gold (Au), cobalt 
(Co), chromium (Cr), copper (Cu), gadolinium (Gd), half 
nium (Hf), indium (In), iridium (Ir), magnesium (Mg), 
manganese (Mn), molybdenum (Mo), nickel (Ni), lead (Pb), 
palladium (Pd), platinum (Pt), rhodium (Rh), tantalum (Ta), 
titanium (Ti), tungsten (W), and Zinc (Zn). 

7. The transistor of claim 1, wherein the metal base 
comprises at least two metal layers. 

8. The transistor of claim 1, wherein the metal base 
comprises a first layer, a second layer and a third layer 
between the first layer and the second layer, wherein the 
third layer includes a material that has a carrier mean free 
path with an increased length, relative to lengths of carrier 
mean free paths of other materials, wherein the material 
decreases series resistance of the metal base relative to other 
series resistances of other metal bases, and wherein the third 
layer promotes resistance to oxidation and promotes bond 
ing between the first and the second metal layers. 

9. The transistor of claim 1, wherein the average thickness 
of the metal base is in a range from about 2 nm to 50 nm. 

10. The transistor of claim 1, wherein the average thick 
ness of the first semiconductor barrier is less than four times 
the first mean free path of the charge carrier in the first 
semiconductor barrier emitted from the metal emitter. 

11. The transistor of claim 1, wherein the average thick 
ness of the second semiconductor barrier is less than four 
times the second mean free path of the charge carrier in the 
second semiconductor barrier injected from the metal base. 
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12. The transistor of claim 1, wherein the average thick 

ness of at least one of the first semiconductor barrier and the 
second semiconductor barrier is in a range from about 5 nm 
to 200 nm. 

13. The transistor of claim 1, wherein a barrier height of 
the first semiconductor barrier is greater than a barrier height 
of the second semiconductor barrier. 

14. The transistor of claim 1, wherein each of the first 
semiconductor barrier and the second semiconductor barrier 
comprises one or more of a crystalline semiconductor and a 
polycrystalline semiconductor. 

15. The transistor of claim 1, wherein each of the first 
semiconductor barrier and the second semiconductor barrier 
comprises one or more of silicon (Si), germanium (Ge), 
silicon germanium (SiGe), aluminum antimonide (AlSb). 
gallium antimonide (GaSb), gallium arsenide (GaAs), 
indium antimonide (InSb), indium arsenide (InAs), indium 
gallium arsenide (InGaAs), gallium nitride (GaN), indium 
phosphide (InP), cadmium selenide (CdSe), cadmium tellu 
ride (CdTe), cadmium sulfide (CdS), Zinc selenide (ZnSe), 
Zinc telluride (ZnTe), zinc sulfide (ZnS), Zinc oxide (ZnO), 
titanium oxide (TiO2), lead sulfide (PbS), and lead telluride 
(PbTe). 

16. The transistor of claim 1, wherein an average transit 
delay through the first semiconductor barrier is less than 20 
femtoseconds. 

17. The transistor of claim 1, wherein an average transit 
delay through the second semiconductor barrier is less than 
20 femtoseconds. 

18. The transistor of claim 1, wherein an average resis 
tance-capacitance (RC) delay in the metal base is less than 
20 femtoseconds. 

19. The transistor of claim 1, wherein an average transit 
delay through the metal base is less than 20 femtoseconds. 

20. The transistor of claim 1, wherein the transistor has a 
total delay of less than 80 femtoseconds. 

21. The transistor of claim 1, wherein the transistor has a 
cut-off frequency exceeding 2 THz. 

22. A method for fabricating a transistor, comprising: 
depositing a first metal layer and a second metal layer on 

a first semiconductor-on-insulator (SOI) wafer to yield 
a first layered SOI wafer; 

depositing a third metal layer and a fourth metal layer on 
a second SOI wafer to yield a second layered SOI 
wafer; 

bonding the first layered SOI wafer to the second layered 
SOI wafer; 

removing a portion of the first layered SOI wafer, leaving 
a first semiconductor layer, 

depositing a fifth metal layer on a portion of the first 
semiconductor layer to form a metal collector, 

removing an exposed portion of the first semiconductor 
layer to form a first semiconductor barrier under the 
metal collector, the first semiconductor barrier having 
an average thickness based on a first mean free path of 
a charge carrier in the first semiconductor barrier, 

patterning the first, the second, the third, and the fourth 
metal layers using a first negative resist, leaving por 
tions of the first, the second, the third, and the fourth 
metal layers under the first semiconductor barrier and 
under the first negative resist; 

removing the first negative resist; 
removing a portion of the second SOI wafer, leaving a 

second semiconductor layer; 
depositing a sixth metal layer on a portion of the second 

semiconductor layer to form a metal emitter, 
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removing an exposed portion of the second semiconduc 
tor layer to form a second semiconductor barrier under 
the metal emitter, the second semiconductor barrier 
having an average thickness being based on a second 
mean free path of the charge carrier in the second 
semiconductor barrier emitted from the metal emitter; 

patterning the first, the second, the third, and the fourth 
metal layers using a second negative resist, leaving 
portions of the first, the second, the third, and the fourth 
metal layers under the second semiconductor barrier 
and under the second negative resist to form a metal 
base, the metal base having an average thickness being 
based on a multi-layer mean free path of the charge 
carrier; and 

removing the second negative resist. 
23. The method of claim 22, wherein each of the first 

metal layer, the second metal layer, the third metal layer, the 
fourth metal layer, the fifth metal layer, and the sixth metal 
layer comprises one or more of silver (Ag), aluminum (Al), 
gold (Au), cobalt (Co), chromium (Cr), copper (Cu), gado 
linium (Gd), hafnium (Hf), indium (In), iridium (Ir), mag 
nesium (Mg), manganese (Mn), molybdenum (Mo), nickel 
(Ni), lead (Pb), palladium (Pd), platinum (Pt), rhodium (Rh), 
tantalum (Ta), titanium (Ti), tungsten (W), and Zinc (Zn). 

24. The method of claim 22, wherein each of the first 
semiconductor layer and the second semiconductor layer 
comprises one or more of silicon (Si), germanium (Ge), 
silicon germanium (SiGe), aluminum antimonide (AISb). 
gallium antimonide (GaSb), gallium arsenide (GaAs), 
indium antimonide (InSb), indium arsenide (InAs), indium 
gallium arsenide (InGaAs), gallium nitride (GaN), indium 
phosphide (InP), cadmium selenide (CdSe), cadmium tellu 
ride (CdTe), cadmium sulfide (CdS), Zinc selenide (ZnSe), 
Zinc telluride (ZnTe), zinc sulfide (ZnS), Zinc oxide (ZnO), 
titanium oxide (TiO2), lead sulfide (PbS), and lead telluride 
(PbTe). 

25. The method of claim 22, wherein the average thick 
ness of the first semiconductor barrier is less than four times 
the first mean free path of the charge carrier in the first 
semiconductor barrier. 

26. The method of claim 22, wherein the average thick 
ness of the second semiconductor barrier is less than four 
times the second mean free path of the charge carrier in the 
second semiconductor barrier. 

27. The method of claim 22, wherein a barrier height of 
the first semiconductor barrier is less than a barrier height of 
the second semiconductor barrier. 

28. The method of claim 22, wherein the second metal 
layer and the fourth metal layer includes a material that has 
a carrier mean free path with an increased length, relative to 
lengths of carrier mean free paths of other materials, wherein 
the material decreases series resistance of the metal base 
relative to other series resistances of other metal bases, and 
wherein the material promotes resistance to oxidation and 
promotes bonding between the first layered SOI wafer and 
the second layered SOI wafer. 

29. The method of claim 22, wherein the average thick 
ness of the metal base is one or more of (i) less than the 
multi-layer mean free path of the charge carrier in transiting 
the layers of the metal base of the metal base, and (ii) 
comparable to the multi-layer mean free path of the charge 
carrier in transiting the layers of the metal base. 

30. The method of claim 22, wherein bonding the first 
layered SOI wafer to the second layered SOI wafer com 
prises: 
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16 
diffusive bonding of the second metal material included in 

the first bi-metal layer and the second bi-metal layer at 
an average temperature of about 200 degrees Celsius 
under pressure. 

31. The method of claim 22, further comprising: 
after removing the first negative resist, depositing a 
monomer onto the metal collector and an exposed 
portion of the second SOI wafer; 

depositing a fifth metal layer on a carrier wafer to form a 
ground plane; 

bonding the deposited monomer to the deposited fifth 
metal layer, and 

converting the monomer to a polymer. 
32. A terahertz transistor, comprising: 
a first metal-semiconductor-metal sequence comprising a 

metal emitter, a first semiconductor barrier and a metal 
base; 

wherein the metal emitter comprises a gadolinium layer 
with an average thickness of about 5 nm and a gold 
layer with an average thickness of about 100 nm, 

wherein the metal base comprises a cobalt layer with an 
average thickness of about 2 nm, a gold layer with an 
average thickness of about 4 nm, and a palladium layer 
with an average thickness of about 2 nm, wherein the 
gold layer is between the cobalt layer and the palladium 
layer, the gold layer has a carrier mean free path with 
an increased length, relative to other lengths of other 
carrier mean free paths of other materials, and the gold 
layer decreases series resistance of the metal base 
relative to other series resistances of other metal bases; 

wherein the first semiconductor barrier separates the 
metal emitter and the metal base, with the first semi 
conductor barrier comprising silicon with an average 
thickness of about 20 nmi; and 

a second metal-semiconductor-metal sequence compris 
ing the metal base, a second semiconductor barrier, and 
a metal collector, 

wherein the metal collector comprises a cobalt layer with 
an average thickness of about 5 nm and a gold layer 
with an average thickness of about 100 nm: 

wherein the second semiconductor barrier separates the 
base and the metal collector, with the second semicon 
ductor barrier comprising silicon with an average thick 
ness of about 20 nm, 

wherein one or more of the first metal-semiconductor 
metal sequence and the second metal-semiconductor 
metal sequence increases a carrier transmission rate 
from the metal base into the metal collector, relative to 
another carrier transmission rate of the metal base into 
another type of collector; and 

wherein the increase in the carrier transmission rate 
facilitates higher than unity current gain, and the tera 
hertz transistor to operate at a terahertz frequency. 

33. The transistor of claim 1, wherein the first semicon 
ducting material is a same material as the second semicon 
ducting material. 

34. The transistor of claim 1, wherein the first semicon 
ducting material is a different material than the second 
semiconducting material. 

35. A transistor, comprising: 
a first metal-semiconductor-metal sequence comprising a 

metal emitter, a first semiconductor barrier and a metal 
base; 

wherein the first semiconductor barrier separates the 
metal emitter and the metal base, with the first semi 
conductor barrier having an average thickness being 
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based on a first mean free path of a charge carrier in the 
first semiconductor barrier emitted from the metal 
emitter; and 

a second metal-semiconductor-metal sequence compris 
ing the metal base, a second semiconductor barrier, and 
a metal collector, 

wherein the first and the second metal-semiconductor 
metal sequences at least partially overlap with each 
other to share the metal base; 

wherein the second semiconductor barrier separates the 
metal base from the metal collector, with the second 
Semiconductor barrier having an average thickness 
being based on a second mean free path of the charge 
carrier in the second semiconductor barrier injected 
from the metal base; 

wherein one or more of the first metal-semiconductor 
metal sequence and the second metal-semiconductor 
metal sequence increases a carrier transmission rate 
from the metal emitter to the metal collector, relative to 
another carrier transmission rate of the metal emitter to 
another type of collector; 

wherein the metal base comprises two or more metal 
layers and an average thickness of the metal base is 
based on a multi-layer mean free path of the charge 
carrier; and 

wherein the second metal-semiconductor-metal sequence 
decreases an amount of backward scattering of the 
charge carrier between the metal base and the metal 
collector, relative to an amount of backward scattering 
of the second charge carrier between another metal 
base and the other type of collector. 

36. A transistor, comprising: 
a first metal-semiconductor-metal sequence comprising a 

metal emitter, a first semiconductor barrier and a metal 
base; 

wherein the first semiconductor barrier separates the 
metal emitter and the metal base, with the first semi 

5 

10 

15 

25 

30 

35 

18 
conductor barrier having an average thickness being 
based on a first mean free path of a charge carrier in the 
first semiconductor barrier emitted from the metal 
emitter; and 

a second metal-semiconductor-metal sequence compris 
ing the metal base, a second semiconductor barrier, and 
a metal collector, 

wherein the first and the second metal-semiconductor 
metal sequences at least partially overlap with each 
other to share the metal base; 

wherein the second semiconductor barrier separates the 
metal base from the metal collector, with the second 
semiconductor barrier having an average thickness 
being based on a second mean free path of the charge 
carrier in the second semiconductor barrier injected 
from the metal base; 

wherein one or more of the first metal-semiconductor 
metal sequence and the second metal-semiconductor 
metal sequence increases a carrier transmission rate 
from the metal emitter to the metal collector, relative to 
another carrier transmission rate of the metal emitter to 
another type of collector; 

wherein the metal base comprises two or more metal 
layers and an average thickness of the metal base is 
based on a multi-layer mean free path of the charge 
carrier; and 

wherein the metal base comprises a first layer, a second 
layer and a third layer between the first layer and the 
second layer, wherein the third layer includes a material 
that has a carrier mean free path with an increased 
length, relative to lengths of carrier mean free paths of 
other materials, wherein the material decreases series 
resistance of the metal base relative to other series 
resistances of other metal bases, and wherein the third 
layer promotes resistance to oxidation and promotes 
bonding between the first and the second metal layers. 
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